Hydroxyapatite (HA) coated polymer microspheres was prepared by a two-step process under physiological temperature and pH value. A full coverage of plate-like structured HA coating was achieved on poly(lactic-co-glycolic acid) (PLGA) microspheres. Field emission scanning electron microscopy was employed to observe the surface morphology of microspheres before and after coating. Fourier Transform Infrared spectra and X-ray diffraction were used for the chemical groups and crystal structure examination. The HA coated PLGA microspheres have potential applications in controlled drug delivery systems.
Hydroxyapatite (HA) is widely used in tissue engineering especially in new bone formation 1 since it is similar in composition with natural bone. The HA coating on templates such as polymer scaffold, 2-4 metal [5] [6] [7] [8] [9] and carbon composite 10 is widely studied. HA also shows high affinity to bind with protein molecules and DNA because of the electrostatic force of positive (Ca 2+ and negative (PO 3− 4 ions on the surface. This opens up new avenues of HA applications in chromatographic purification 11 and drug delivery. Recently, bioactive protein molecules such as albumin, growth factor TGF-1 and IGF-1, BMP-2 are absorbed on the surface of HA coating for drug release in bone regeneration. [12] [13] [14] [15] In the field of drug delivery, HA is grown on polymeric microspheres such as PLGA or chitosan via biomimetic method in simulated body fluid (SBF) or concentration modified SBF. [16] [17] [18] However, since SBF contains Mg 2+ , Na + or CO 2− 3 which can affect the nucleation and growth of HA coating, 3-7 days are needed to precipitate HA coating on the microspheres and usually poor surface coverage results. Anitha Ethirajan et al deposited HA coating on non-biodegradable spheres through 24 h soaking in solution of pH = 10 containing Ca and P ions. 19 Though high pH value can accelerate HA nucleation and growth, the method is not applicable to all kinds of microsphere template especially polymeric microspheres containing ester group, because hydrolysis of ester group * Author to whom correspondence should be addressed.
would speed up under high pH condition which leads to quick degradation of spheres.
In this study, biodegradable negatively charged PLGA microspheres was chosen as a carrier to grow HA coating at 37 C and pH value of around 7. The concentration of Ca and P solution and soaking time of microspheres in the solution are modulated to characterize the growth of the HA coating.
The PLGA microspheres were prepared by emulsion diffusion-evaporation technique as done by Ravi Kumar et al. 20 and Qingguo Xu et al. 21 In brief, 100 mg of PLGA was dissolved in 5 ml dichloromethane (DCM) at room temperature. The organic phase was then added to a 5 ml surfactant solution containing 50 mg of poly(vinyl alcohol) (PVA) under stirring at 1400 rpm. After 1 h, the emulsion was poured into 90 ml 0.1 %wt PVA solution resulting in PLGA hardening and micro-precipitation. Stirring is continued overnight to completely remove organic solvent DCM. The resultant PLGA microspheres were collected by centrifugation at 6000 rpm and rinsed three times with distilled water to remove possible residual surfactant. The microspheres were then lyophilized overnight, and kept in a sealed tube ready for HA coating.
HA formation on the surface of the PLGA microspheres was carried out by a two-step process: step 1, bonding of calcium ions with the PLGA microspheres; step 2, addition of phosphate ions to the bonded Ca ions to form HA coating. For 20 mg of the microspheres, 20 ml CaCl 2 solution was added. The mixture was then stirred for 2 h to allow calcium ions to be absorbed by carboxyl group of PLGA. Then, 20 ml K 2 HPO 4 solution was added drop wise and stirred for 1.5 h. The molar ratio of calcium to phosphate was maintained at 1.67. After that, the solution was placed into 37 C oven under stirring for different time.
The particle size and surface charge of the PLGA microspheres were investigated using laser light scattering with a Malvern Particle Sizer (Malvern Instruments, Malvern, UK). The surface morphologies of the microspheres before and after HA coating were examined by field emission scanning electron microscopy (FESEM, JSM-6340F, Japan) at 3 kV. X-ray diffraction (XRD, Bruker AXS Figure 1 reveals uniform PLGA microspheres with smooth surface. The average particle size is 6 67 ± 0 82 m (Size range is about 2-10 m). The zeta-potential of these microspheres is −27 0 ± 1 87 mV (which is measured in DI water after rinsed three times to remove other molecules and ions) indicating a negative charge on the particle surface. The negative charge is due to carboxyl groups of PLGA chemical structure. Rapid formation of HA crystal is thus possible with high amount of carboxyl groups. 19 As calcium ions could bond with carboxyl groups on the surface of PLGA microspheres through electrostatic forces, HA crystal would form and grow on the template after addition of phosphate.
The HA formation process is illustrated in Scheme 1. Firstly, after addition of microspheres into calcium solution, calcium ions would absorb on the surface of the microspheres to bond with carboxyl groups. This would supply a Ca-rich surface for apatite growth. Secondly, when phosphate ions are added to the suspension, they would bond to the calcium ions at the microspheres surface to form the very first layer of HA, and thereafter, HA growth takes place. The whole process takes place at 37 C. Besides the carboxyl group of the PLGA microsphere, there are two other main factors that can affect the HA growth: the concentration of the Ca and P in the solution, and the soaking time. Different concentration solutions are prepared as shown in Table I with Ca and P ratio kept constant at 1.67 (the stoichiometric Ca/P ratio in HA). Growth of Hydroxyapatite Coating on Polymer Microspheres cover the microspheres in Solution 1, but big particles with irregular precipitation took place in Solution 2 ( Fig. 2(b) ), again, confirming that HA self-precipitation took place at high Ca and P concentration. Figure 3 is the FTIR analysis of the coated spheres. The FTIR spectra shows phosphate absorption bands of HA at 1041 cm −1 (stretching vibration of PO 3− 4 and 601, 563 cm −1 (deformation vibration of PO 3− 4 compared to PLGA microspheres without immersion. The FTIR results confirm that porcupine-like coating obtained in Solution 1 and the big particles formed in Solution 2 are all HA.
The effect of soaking time on HA coating growth was examined by FTIR based on samples at 1 h, 4 h, 8 h, 16 h and 24 h in Figure 4 . After only 1h, the peaks for stretching and deformation vibration of phosphate group are already obtained, but very weak. With lengthened soaking, the peaks of the phosphate groups become more obvious at 1041, 601, 563 cm −1 . The peaks around 3500 cm
derived from hydroxyl group are very weak for all the samples, indicating the HA coating is poorly crystallized.
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The morphology of the uncoated PLGA microspheres is shown in Figure 5 (a). Some HA crystals can be observed after 1 h incubation (Fig. 5(b) ). Combined with the FTIR results, it is not difficult to see that a quick nucleation and growth process of HA formation takes place in the first hour. However, due to the short time, HA only grows on some part of microsphere. After 4 h and 8 h, HA crystals covered more on the surface of the microspheres (Figs. 5(c  and d) ), but still not complete. After 16 h, a complete coverage is seen as shown in Figure 5 composed of many plate-like structured HA crystals on the surface of the microspheres. After soaking for 24 h, platelike structure is more obvious as shown in Figure 5 (f). After 16 h soaking, the thickness of HA coating reached about 1.5 m, however, there is slight increasing after 24 h soaking compared with 16 h. Table II shows the size of uncoated microspheres and coated microspheres after soaking 16 h and 24 h. The strong characteristic peaks of XRD spectra at 26 and 32 corresponding to HA were obtained for HA coated PLGA microspheres at all soaking time (Fig. 6) . The broadening and overlapping of peaks demonstrates that the HA coating is poorly crystallized consistent with the FTIR result. Poor crystallization of HA coating contributes to higher dissolution rate than crystallized HA. The crystalline of the precipitated HA may be exploited in controlling drug delivery.
In conclusion, HA can precipitate on the surface of PLGA microspheres in a matter of hours and form a uniform plate-like structured coating in a two-step method: adding in Ca-containing solution followed by addition of P-containing solution under physiological temperature and pH. Solution containing 1.25 mM calcium ion and 0.75 mM phosphate ion is suitable for HA nucleation and growth on the surface of PLGA microspheres. Full coverage of the coating on the sphere is obtained after 16 h soaking. The coating morphology on the spheres is platelike structure.
